b Circular bacteriocins are a group of N-to-C-terminally linked antimicrobial peptides, produced by Gram-positive bacteria of the phylum Firmicutes. Circular bacteriocins generally exhibit broad-spectrum antimicrobial activity, including against common food-borne pathogens, such as Clostridium and Listeria spp. These peptides are further known for their high pH and thermal stability, as well as for resistance to many proteolytic enzymes, properties which make this group of bacteriocins highly promising for potential industrial applications and their biosynthesis of particular interest as a possible model system for the synthesis of highly stable bioactive peptides. In this review, we summarize the current knowledge on this group of bacteriocins, with emphasis on the recent progress in understanding circular bacteriocin genetics, biosynthesis, and mode of action; in addition, we highlight the current challenges and future perspectives for the application of these peptides.
T
he circular bacteriocins constitute a group of ribosomally synthesized antimicrobial peptides characterized by their N-to-Cterminal covalent linkage, forming a structurally conserved circular peptide backbone. In this review, we will consistently use the term circular instead of cyclic, to clearly distinguish the ribosomal head-to-tail-ligated bacteriocins from other, nonribosomally or intramolecularly cyclized peptides. Circular bacteriocins are synthesized as linear precursors, containing a leader sequence of variable size which is cleaved off during maturation (1) . The mature circular peptides themselves range from 58 to 70 amino acid residues, corresponding to masses of approximately 5.6 to 7.2 kDa. So far, the circular bacteriocins that have been identified are produced by Gram-positive bacteria of the phylum Firmicutes, mainly lactic acid bacteria but a few also from Bacillus and Clostridium genera. The isolation sources range from fermented foods to dairy products, meat, and mammalian feces and wound exudate ( Table  1) . The circular bacteriocins are generally broad-spectrum antimicrobials and are known for their pH and thermal stability, as well as for their resistance to many proteolytic enzymes, properties which make this group of bacteriocins especially interesting for potential industrial applications. In the classification scheme of Gram-positive bacteriocins (2-4), circular bacteriocins have been considered to belong to the class II nonmodified peptides and are often ascribed to subclass IIc. However, this issue has been debated, and some have made a case for this group being assigned to a new class, i.e., class IV or V bacteriocins (5-7). In any case, the circular bacteriocins are clearly distinct from other Gram-positive bacteriocins and are homogenous enough to be considered a separate group.
To date, 10 circular bacteriocins have been characterized, and these are again subdivided into two subgroups based on physicochemical characteristics and level of sequence identity (2, 8) . Subgroup i includes the most highly characterized circular bacteriocin, enterocin AS-48, as well as carnocyclin A (9), circularin A (10), uberolysin (11) , lactocyclicin Q (12), leucocyclicin (13) , garvicin ML (14) , and amylocyclin (15) (Table 1) . A circular bacteriocin recently identified from Enterococcus faecalis, named enterocin RM6, was shown to be identical to enterocin AS-48 (16) . The subgroup i peptides are characterized by having several positively charged amino acid residues (overall cationic charge) and high isoelectric points (pIs of ϳ10) ( Table 1 ). An alignment of these peptides, as shown in Fig. 1 , clearly illustrates that the sequence similarity is limited and there are few conserved residues within the peptides of subgroup i. The exceptions are the two peptides lactocyclicin Q and leucocyclicin Q, which share 71.4% sequence identity and thus appear to be evolutionarily more closely related than the rest of the circular bacteriocins.
The subgroup ii circular bacteriocins currently comprise only two members, gassericin A (10) and butyrivibriocin AR10 (17) . These peptides display a high level of sequence identity (44.8%) and also differ from the subgroup i bacteriocins by their low isoelectric points (pIs of ϳ4 and ϳ7) ( Table 1 ). The circular peptide reutericin 6 was initially identified as another subgroup ii circular bacteriocin, with high similarity to gassericin A but containing different levels of D-Ala. However, later analysis revealed that it is in fact identical to gassericin A (with neither peptide actually containing D-Ala) (18) .
The circular antimicrobial peptide subtilosin A, produced by Bacillus subtilis, was also initially considered to belong to the circular bacteriocins. However, this and a few other circular peptides, including the sporulation killing factor (SKF) of Bacillus thuringiensis (19) , contain thioether linkages and are structurally and genetically distinct from the circular bacteriocins. These peptides have therefore been reclassified as members of a group known as the sactibiotics (20) .
GENETICS AND BIOSYNTHESIS
The genetic background has been described for a majority of the circular bacteriocins, and functional analysis of the gene clusters of enterocin AS-48 and a few other circular bacteriocins (circularin A, gassericin A, carnocyclin A, and most recently, garvicin ML) has also provided some insight into the roles of the encoded proteins in the biosynthesis of these peptides. Figure 2 displays the gene clusters of all circular bacteriocins which have been genetically characterized to date, either chromosomally located or carried on plasmids. Despite limited sequence similarity (average 20 to 30% pairwise reciprocal ortholog identity) between the encoded proteins, these gene clusters share a number of traits and similar architecture, which could indicate that there are also commonalities in the biosynthetic machinery and processes of circular bacteriocins.
The majority of proteins encoded in circular bacteriocin gene clusters are predicted to be largely hydrophobic and, thus, are assumed to be membrane associated (Fig. 2) . A possible inference is that circular bacteriocin biosynthesis takes place at the membrane interface, but this has yet to be experimentally verified. The minimal set of genes required for bacteriocin production and immunity in general comprises 5 to 7 genes (Fig. 2) . These include, first and foremost, the bacteriocin structural gene (e.g., AS-48A), which encodes a precursor peptide containing a leader sequence ranging from 2 to 48 amino acid residues in length. Second, all gene clusters contain a gene encoding a very short, cationic (highpI), and hydrophobic protein (e.g., AS-48D 1 ) that has been shown to provide a basal level of immunity toward the cognate bacteriocin (21, 22) . Furthermore, the minimal gene set includes an ATPase (e.g., AS-48D), one or more putative membrane protein(s) with unknown function (e.g., AS-48C 1 ), and an integral membrane protein belonging to the DUF 95 protein family (e.g., AS-48C). Distinctly, most subgroup i gene clusters encode a very large (477 to 581 residues) protein (e.g., AS-48B) with no known functional domains or homology but with a predicted transmembrane topology (23) . Subgroup ii gene clusters, however, encode a membrane protein (160 to 174 residues) that is similar to the ABC-2 subfamily of membrane transporters. Most of the subgroup i gene clusters also have an accessory operon (3 to 4 genes) (e.g., AS-48EFGH) encoding an ABC transporter complex, consisting of a permease, an ATPase, and a predicted extracellular protein. This putative ABC transporter complex has been shown not to be essential or, indeed, to have any significant effect on either bacteriocin production or immunity (1, 21, 22, 24) . Based on the apparent conservation of these genes between subgroup i circular bacteriocin gene clusters (Fig. 2) , however, it is difficult to rule out the possibility that an independent function or accessory role of these ABC transporters could be elucidated in future stud- identity/conservation is indicated by color scale (the light-to-dark scale indicating low to high identity/conservation) and the consensus sequence for each subgroup is displayed below the subgroup alignment. Alignments were produced using T-Coffee (57) and visualized using Jalview (58).
ies. In the case of enterocin AS-48, it has indeed been shown to provide a small increase in the immunity level and enhancement of the production of bacteriocin (25) . As mentioned, all circular bacteriocin gene clusters contain a gene coding for a short (49 to 88 amino acid residues), high-pI, hydrophobic protein termed the immunity protein (Fig. 2) . These proteins have a predicted structure of two ␣-helical segments and appear to be membrane associated (26) . These immunity proteins have been demonstrated to provide a basal level of immunity to their respective bacteriocins; however, it has become clear that full immunity requires the combined activity of several of the encoded proteins (15, 21, 22, 24) . In this respect, the circular bacteriocins seem similar to the lantibiotics (class I), which require a specialized ABC transporter in addition to the immunity peptide to achieve full immunity (27) .
Biosynthesis of circular bacteriocins requires three steps: cleavage of the leader sequence, circularization, and export out of the cell (Fig. 3) . Despite several functional studies on circular bacteriocins in recent years, there is much that remains unknown about this process. Specifically, the mechanisms involved, the enzymes (15) , uberolysin A (ublAB-CDE) (11), gassericin A (gaaBCADITE) (26) , and butyrivibriocin AR10 (bviBCDAE) (17) . The genes are colored according to function/characteristics, as indicated by the key, and homology at the protein sequence level is indicated by greyscale blocks. The minimal subsets of genes required for biosynthesis and immunity are indicated by black braces above the respective gene clusters. The figure was produced using EasyFig (59) . responsible, and the potential coupling of these steps are still largely unanswered questions (5, 28) .
The removal of the leader sequence has been assumed to be the first step in biosynthesis and a requirement for further processing into the mature peptide, but this was not experimentally verified until quite recently. For the circular bacteriocin garvicin ML, leader sequence cleavage was demonstrated to precede circularization in time and occur independently from the circularization reaction (24) . Contrary to the previous model, this finding implies that the leader sequence is not required as a recognition signal for the circularization reaction and/or for export out of the cell. It is, however, conceivable that the leader functions as a critical control checkpoint for the biosynthetic machinery, i.e., that export and circularization are only possible when the processed N-terminal end of the mature bacteriocin is accessible.
The leader sequences of the circular bacteriocins range from 2 to 48 residues (Fig. 1) , containing mainly hydrophobic residues but often with a charged amino acid in the Ϫ1 position, i.e., the residue that has been shown to affect the specificity of the cleavage reaction of enterocin AS-48 (29) . As no peptidase/protease functional domains have been characterized in any of the proteins encoded by circular gene clusters, the entity responsible for leader sequence cleavage remains enigmatic. In the case of garvicin ML, evidence suggests that leader sequence cleavage is not performed by any of the proteins encoded by the respective gene cluster, and it is proposed that an as-yet-unidentified host-encoded peptidase is required for leader peptide cleavage (24) . These results may thus explain the lack of peptidases/proteases in the gene clusters and, furthermore, may reflect a situation which is more similar to the mechanisms of other bacterial head-to-tail-linked circular peptides, such as TrbC from Escherichia coli (30) and VirB2 from Agrobacterium tumefaciens (29) , which are N-terminally cleaved by chromosomally encoded signal peptidases (SPases). The requirement for accessory determinants, i.e., factors not encoded within the respective gene cluster, has been suggested previously for enterocin AS-48 (31, 32) and may also explain the apparent problems in expressing circular bacteriocins outside the genus or species of the original producer (26, 31) and in obtaining stable heterologous production (21) . However, the leader sequences of the circular bacteriocins, being highly variable both in size and sequence (Fig. 1) , differ markedly from the known recognition site of the bacterial SPase I (33). Thus, it is likely that one or more yet-uncharacterized peptidases with different specificities are required for leader sequence cleavage in circular bacteriocin biosynthesis.
The circularization reaction is perhaps the most intriguing aspect of circular bacteriocin biosynthesis and the area where knowledge is most scarce. It is, however, clear that specific features in the mature peptide sequence are essential for circularization to occur. The N-and C-terminal ends of the circular bacteriocins, which are likely to contribute to this process, consist mainly of stretches of hydrophobic residues (Fig. 1) . The circularization point in each case appears to be located internal to an alpha helix in the structure of the peptides (Fig. 4) , requiring the circularization process to occur in a largely hydrophobic and sterically hindered region. Mutational analysis of enterocin AS-48 has shown that substitutions of the first and last residues of the mature peptide affect the circularization reaction: a change of Met to Ala at position 1 (Met1Ala) lowered the circularization efficiency significantly, whereas replacement of the C-terminal Trp with Ala resulted in the detection of both the circular and a small amount of the linear form of the peptide, thus establishing that the nature of both the N-and the C-terminal residues is critical to the efficiency of the circularization process (29) . Notably, most of the circular bacteriocins contain several aromatic and/or small hydrophobic residues in the N terminus, which may indicate that the hydrophobic nature of these residues is important for biosynthesis (including circularization) and/or antimicrobial activity.
Looking to other types of head-to-tail-linked circular peptides, Fig. 1 , and images were rendered using the PyMOL Molecular Graphics system (version 1.5.0.4, Schrödinger, LLC.). The solution structure of enterocin AS-48 (PDB ID 1E68) was used as the template for homology modeling of circularin A, uberolysin A, and amylocyclicin, whereas the solution structure of carnocyclin A (PDB ID 2KJF) was used as the template for homology modeling of garvicin ML, lactocyclicin Q, and leucocyclicin Q. While the longer peptides (circularin A, uberolysin A, and amylocyclicin) are predicted to form 5 ␣-helices, like enterocin AS-48, the shorter peptides (garvicin ML, lactocyclicin Q, and leucocyclicin Q) are predicted to form 4 ␣-helices, like carnocyclin A. Structures of subgroup ii peptides gassericin A and butyrivibriocin AR10 are not included in this figure, as these peptides do not share sufficient sequence identity to any of the determined structures for reliable prediction.
it becomes clear that circular bacteriocins stand out in that they contain no C-terminal extension and that the N-terminal leader appears to have no role in the circularization reaction. This is in contrast to the aforementioned TrbC peptide from E. coli, as well as the plant cyclotide kalata B1, which require both N-and C-terminal regions with more or less conserved motifs for circularization to occur. The VirB2 peptide is more similar to circular bacteriocins in that it also lacks a C-terminal extension. The VirB2 peptide is processed by the removal of a 47-residue N-terminal extension by a general signal peptidase and further circularized in rapid succession either by an unknown enzyme or by the same peptidase. Interestingly, circularization occurs in the absence of the plasmid-encoded virB operon, indicating that processing of VirB2 is entirely performed by chromosomally encoded factors (34) . When it comes to the enzyme(s) responsible for performing the circularization reaction of circular bacteriocins, however, it has become evident that these are encoded within the bacteriocin gene cluster. Functional analysis of the garvicin ML gene cluster revealed that circularization was aborted in the absence of either of two operons, garX and garBCDE (24) . Similar analyses of the enterocin AS-48, circularin A, and carnocyclin A gene clusters have also shown that minimal sets of four and five genes are required for the production and/or secretion of these peptides, respectively ( Fig. 2) (1, 21, 22 ). Taken together, it appears that no single protein but, rather, several proteins are involved in the mechanism of circularization of these bacteriocins. Interestingly, this minimal subset invariably includes three putative transmembrane proteins and an ATPase, which could presumably form a membrane-located protein complex. It is thus tempting to speculate that the processes of circularization and export out of the cell could be jointly performed by such a complex; however, this remains to be investigated.
STRUCTURE AND PHYSICOCHEMICAL PROPERTIES
The solution structures of enterocin AS-48 and carnocyclin A have been solved, revealing a common structural motif for the subgroup i circular bacteriocins (Fig. 4) . Both peptides have a compact globular structure consisting of four (carnocyclin A) or five (enterocin AS-48) ␣-helices enclosing a hydrophobic core (8, 35) . The point of circularization is located inside an ␣-helical segment (Fig. 4) , which for enterocin AS-48 has been demonstrated to have a pronounced effect on the stability of the structure (35) . The presence of several basic amino acid residues imparts a localized positive charge on the surface of the structure. The overall structure is similar to the saposin fold (excluding the intrachain disulfide bonds) found in the mammalian antimicrobial and cytotoxic peptide NK lysin (35) , and a similar structure was recently determined also for the linear bacteriocins enterocin 7a and 7b (36) . Protein structure homology modeling of the remaining circular bacteriocins suggests that this structure is shared among the subgroup i bacteriocins (Fig. 4) (8) . The 3-dimensional (3-D) structures of the subgroup ii peptides butyrivibriocin AR10 and gassericin A have not yet been solved, but structure predictions suggest that these also consist of predominantly ␣-helical regions and could possibly form similar structures (8) . These two peptides do not display the localized charges of subgroup i peptides, but the significance of this is uncertain. Their compact and circular structures are believed to be the reason why circular bacteriocins in general exhibit very high thermal and pH stability and may even render the peptides resistant to degradation by many proteolytic enzymes by reducing the availability of possible cleavage sites (23) . Furthermore, the shared 3-D structures could imply a common mode of action of these antimicrobial peptides. In particular, the positively charged patches on the surface of the structures are thought to be the driving force behind the initial attraction to and subsequent insertion into the negatively charged phospholipid layer of the target cell membrane (8) . In the case of garvicin ML, knockout strains producing linear but not circular forms of this bacteriocin displayed no antimicrobial activity, suggesting that the circular structure of garvicin ML is essential for its antimicrobial activity (24) . It is conceivable that the head-to-tail peptide bond is important for retention of the 3-D structure, and consequently, that loss of structural integrity could affect the interaction of the bacteriocin with the target cell. In contrast, characterization of enterocin AS-48 has indicated that linear forms of this peptide retain antimicrobial activity to some extent (37) , indicating that the circular form is (14), carnocyclin A (29), circularin A (6), enterocin AS-48 (39), uberolysin A (11), lactocyclicin Q (12), leucocyclicin Q (13), gassericin A (60), amylocyclicin (15), and butyrivibriocin AR10 (61) . b Antimicrobial activity is denoted as ϩ, weak activity as W, and no activity as Ϫ, while blank cells show that activity was not determined. The values given here reflect the antimicrobial spectra of these bacteriocins as reported in the original papers, but in some cases only the highly/moderately sensitive strains are included, and the values may not reflect the complete activity spectrum due to low sampling and/or bias.
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(Continued on next page) not essential for antimicrobial activity but could be more important for stabilizing the structure (37, 38) .
ANTIMICROBIAL SPECTRUM AND MODE OF ACTION
Circular bacteriocins have broad antimicrobial activity spectra.
Reflecting their producer organisms, the antimicrobial activities are generally directed against Gram-positive bacteria of the phylum Firmicutes, i.e., mainly lactic acid bacteria (order Lactobacillales), bacilli, and clostridia (Table 2) . Antimicrobial activity against other Gram-positive phyla has also been reported. Notably, the antibacterial spectra of circular bacteriocins include common food-borne pathogens within the Listeria and Clostridium genera and, in a few cases, encompass nosocomial pathogens, such as enterococci and staphylococci. A few circular bacteriocins (enterocin AS-48, leucocyclicin Q, and lactocyclicin Q) are shown under certain conditions to display antimicrobial activity against E. coli, although at significantly higher concentrations than are required for activity against the Grampositive bacteria (12, 13, 39) . Antimicrobial activity of carnocyclin A against Gram-negative species has been shown to occur when the integrity of the cellular outer membrane is perturbed by the metal-chelating agent EDTA, which could indicate that it is restricted access to the membrane that inhibits activity toward Gram-negative bacteria (40) . Such a combined antimicrobial affect with EDTA has also been observed in other bacteriocins, including nisin (40, 41) . Like other class II bacteriocins, the circular bacteriocins are generally believed to act by disruption of the integrity of the membrane of target cells (23) . The shared structural and physicochemical features of subgroup i circular bacteriocins suggest that these antimicrobials have a common functional mechanism. However, the studies that have been carried out have so far highlighted distinct differences in the modes of action within this subgroup. Studies have shown that enterocin AS-48 forms nonselective pores in liposomes, leading to leakage of ions and low-molecular-weight compounds (42) . Furthermore, enterocin AS-48 has been shown to oligomerize at physiological pH, and the suggested mechanism for molecular function of AS-48 involves a structural transition of this complex from a water-soluble form to a membrane-bound state (43) . Several studies have also shown that other class II bacteriocins become structured in hydrophobic or membranelike solvents (44, 45) . Carnocyclin A has been shown to form pores in lipid membranes, but unlike the pores formed by enterocin AS-48, those of carnocyclin A are anion selective and voltage dependent (46) .
For circular bacteriocins, it has been a controversial issue whether or not these antimicrobial peptides require a receptor molecule for target recognition of the sensitive cell. For many groups of class II bacteriocins, however, it has become evident that the antimicrobial activity is receptor mediated, i.e., by recognition of specific proteins on the membrane of target cells. This is probably the reason why bacteriocins in general are much more potent (about 1,000-fold) than eukaryotic antimicrobial peptides (AMPs), the latter group being known to act nonspecifically, i.e., without need of a receptor on target cells (47) . Types of receptors appear to be targeted by several related and sometimes also nonrelated bacteriocins. For instance, the permease mannose-phosphotransferase (PTS) is targeted by many pediocin-like bacteriocins, in addition to the unrelated lactococcins A and B (48), whereas a zinc-dependent membrane-bound protease belonging to the M50 family is targeted by several related leaderless bacteriocins (49; unpublished results), and the undecaprenyl pyrophosphate phosphatase UppP (a membrane protein involved in peptidoglycan synthesis) is targeted by the two-peptide bacteriocins lactococcin G and enterocin 1071 (50) .
Although the modes of action of most circular bacteriocins have not yet been determined, two of the most studied peptides, enterocin AS-48 and carnocyclin A, have been shown to permeabilize liposomes and/or lipid bilayers (42, 46) , supporting the notion that direct interaction with the cell membrane is sufficient for antimicrobial activity and that a target receptor is not required for this group of bacteriocins. Also, studies of the circular bacteriocin gassericin A have indicated that this bacteriocin does not require a target receptor (51) . However, the conclusions of these studies are undermined by the fact that the experiments were performed at bacteriocin concentrations significantly higher than that required for antimicrobial activity in vivo. Notably, studies of garvicin ML have identified a maltose ABC transporter complex which facilitates high sensitivity to this bacteriocin, while its absence causes resistance, and thus, it is likely to constitute a target receptor for this bacteriocin (52) . Interestingly, at very high concentrations of bacteriocin, receptor-independent killing was observed, consistent with the studies of enterocin AS-48 and carnocyclin A. Together, these studies may thus suggest that, like that of nisin (53) , the mode of action of circular bacteriocins is concentration dependent, with a nonspecific activity at higher bacterio- 
cin concentrations and a specific activity at lower bacteriocin concentrations, the latter probably involving a receptor on target cells. As several other circular bacteriocins share significant structural similarly to garvicin ML, it is possible that other circular bacteriocins could also utilize the maltose ABC transporter or related permeases as receptors.
CHALLENGES AND FUTURE PERSPECTIVES
With emerging development of resistance to classical antibiotics in recent years, there is an ever increasing need for novel antimicrobial agents for medical use. Additionally, there is a demand for antimicrobials and antimicrobial-producing bacteria for use as natural preservatives, starter cultures, and probiotics in the food and feed industry. Bacteriocins have many favorable characteristics in this context, and circular bacteriocins particularly so, due to their broad-spectrum activity and exceptional stability. There are still only 10 circular bacteriocins that have been characterized, and the low sequence identity between them makes predicting novel circular bacteriocins from available genomic sequences difficult. The presence of the gene for the conserved DUF95 protein in the gene clusters encoding these peptides could, however, be an indicator of the distribution of circular bacteriocins in other species; this protein domain appears to be widespread in Bacteria (977 species, mostly Firmicutes) and is also found in Archaea (120 species) (source, Pfam version 27.0, European Bioinformatics Institute). Although all of these proteins may not necessarily be encoded as part of circular bacteriocin gene clusters, this could indicate that there are still many circular bacteriocins to be discovered, which could have activity against other food-spoilage bacteria or pathogens and thus prove to be valuable antimicrobials.
However, the use of circular bacteriocins for such applications requires first and foremost a detailed understanding of the molecular mechanisms which govern the target recognition and mode of action of these antimicrobials. Not only is this knowledge essential for the rational use and type of application, but it can also contribute to minimizing the potential development of resistance resulting from use of these antimicrobials. In this aspect of circular bacteriocin biology, however, there is much that remains to be elucidated, and future studies should thus be aimed at clarifying both the mode of action and resistance development mechanisms of these peptides. Accordingly, elucidating immunity mechanism(s) could in turn allow for the bioengineering of bacteriocins which are not targeted by specific resistance mechanisms.
Several studies have indicated problems in expressing circular bacteriocins outside the genus or species of the original producer (26, 31) and in obtaining stable heterologous production (21) . As recent findings have suggested, one possible reason for this could be the requirement for a host-encoded signal peptidase that is responsible for cleaving off the leader sequence, which could be essential for further processing into the mature peptide (24) . Certainly, characterizing the full complement of factors required for circular bacteriocin biosynthesis is essential for establishing stable heterologous expression systems for these peptides, which could also allow bacteriocin production in industrially relevant bacterial species and scale.
Concerning the biosynthesis of circular bacteriocins, there is still much that remains unknown, although there is increasing evidence that protein complexes are involved in both the circularization and export of these peptides and in producer self-immunity mechanism(s). Future investigations should thus be aimed at further characterizing the interaction between the components of these complexes, to elucidate the functional domains involved and to gain a detailed understanding of these mechanisms. A better understanding of these processes could in turn allow for rational bioengineering of not only bacteriocins but also other types of bioactive peptides with enhanced properties such as increased thermal and pH stability, resistance to proteases, solubility, potency, and modified target specificity. Indeed, several of these traits have already been engineered for derivatives of the lantibiotic nisin (54) , most notably enhanced activity against both Gram-positive and Gram-negative pathogens (55) , which demonstrates the real potential of bioengineering in creating tailormade peptides for specific applications.
